anoxic conditions in tbe bypolimnion and tbe auturnn overtum period represent key factors for tbe overall annual metbane emissions from lakes. During periods of stable stratüication, !arge amounts of methane accurnulate in anoxic deep waters. Approximately 46% of tbe stored metbane was emitted during tbe autumn overtum, contributing ~80% of the annual diffusive methane emissions to tbe atmosphere. After the overturn period, tbe entire water column was oxic, and only 1% of tbe original quantity of methane remained in tbe water column. Current estimates of global methane emissions assume that all of the stored metbane is released, whereas several studies of individuallakes have suggested tbat a major fraction of the stored methane is oxidized during overtums. Our results provide evidence tbat not all of the stored metbane is released to the atmosphere during tbe overtum period. However, the fraction of stored methane emitted to tbe atmosphere during overturn may be substantially larger and tbe fraction of stored methane oxidiLed may be smaller tban in the previous studies suggesting high oxidation Iosses of metbane. The development or change in the vertical extent and duration of the anoxic hypolimnion, which can represent the main source of annual methane emissions from smalllakes, may be an important aspect to consider for impact assessments of climate warming on the metbane emissions from lakes .
• Supporting Information anoxic conditions in tbe bypolimnion and tbe auturnn overtum period represent key factors for tbe overall annual metbane emissions from lakes. During periods of stable stratüication, !arge amounts of methane accurnulate in anoxic deep waters. Approximately 46% of tbe stored metbane was emitted during tbe autumn overtum, contributing ~80% of the annual diffusive methane emissions to tbe atmosphere. After the overturn period, tbe entire water column was oxic, and only 1% of tbe original quantity of methane remained in tbe water column. Current estimates of global methane emissions assume that all of the stored metbane is released, whereas several studies of individuallakes have suggested tbat a major fraction of the stored methane is oxidized during overtums. Our results provide evidence tbat not all of the stored metbane is released to the atmosphere during tbe overtum period. However, the fraction of stored methane emitted to tbe atmosphere during overturn may be substantially larger and tbe fraction of stored methane oxidiLed may be smaller tban in the previous studies suggesting high oxidation Iosses of metbane. The development or change in the vertical extent and duration of the anoxic hypolimnion, which can represent the main source of annual methane emissions from smalllakes, may be an important aspect to consider for impact assessments of climate warming on the metbane emissions from lakes .
• INTRODUGION I..akes are an important component of the global carbon cycle because tbey store and release substantial amounts of carbon dioxide 1 ,2 and are a particularly important source of methanein the global metbane budget.
3 -s According to Bastviken et al} most of tbe methane originating from lakes occurs in small lakes ( <10 km 2 ) , which release more methane per unit area than large lakes.
'
7 Althougll recent estimates of the Iake size distribution suggest tbat the area of smalllakes is only ~26% of the total global Iake area, 8 metbane emissions from smalllakes still contribute a major fraction of global methan. e emissions from lakes.
Estimates of global methane emissions from lakes typically distinguish between three pathways of methane release from the water body to the atmosphere: diffusive fluxes, ebullition, and release of stored methane. 6 Additionally, plant mediated fluxes may also be an important pathway of methane emissions from lakes.
10 In lakes, methane is a major product of carbon cycling, 11 and most of the metbane is produced witbin tbe sediments. A !arge proportion of this methane is removed by aerobic oxidation at oxic sediment-water interfaces or oxyclines within the water colurnn 12 or by anaerobic oxidation. 13 Some of the methane is stored in the water column. In lakes with an anoxic hypolimnion, large amounts of dissolved metbane can accumulate, which Ieads to a particularly 1 . 19 have claimed that most of the stored metbane is oxidized in tbe water column during tbe overtum period. This suggests tbat a major co.ntribution to the estimate of annual metbane emissions from small lakes may have been substantially overestimated.
Most of the studies that have investigated fluxes of stored methane have focused on the autumn overtum and its contribution to tbe overall annual methane emissions. Recently, additional studies have investigated methane emissions during tbe spring overtum or spring and autumn overturns. 7, 17, 20 For example, Loṕez Bellido et al. 17 investigated the methane emissions from a dimictic boreal lake with an oxic water column and concluded that the amount of methane emitted during spring overturns after ice breakup is larger than that emitted during autumn overturns. On the basis of methane budgets from numerous Finnish boreal lakes, Juutinen et al. 7 found that the storage fluxes of methane were usually larger in spring than in autumn, but in some of the lakes, the methane fluxes in autumn were larger than those in spring.
In the present study, we investigated the dynamics of dissolved methane over an entire year in a small temperate dimictic lake that develops an anoxic hypolimnion during summer stratification and compared the diffusive methane fluxes from different time periods: the stratified period in summer, the autumn overturn, the winter mixing period, and the period from spring to summer stratification. On the basis of these data, we discuss the relative importance of autumn and spring mixing for the overall methane release from lakes and demonstrate the important role of methane stored in an anoxic hypolimnion to the overall methane budgets of lakes. Further, we discuss potential implications of climate warming and associated changes in the physical conditions related to methane emissions from lakes.
■ MATERIALS AND METHODS
Measurements were conducted in Mindelsee (location 47°45.178′ N, 9°1.423′ E; area 1.02 km 2 ; maximum depth 13.5 m), which is located near Lake Constance in southern Germany. Mindelsee is a small mesotrophic dimictic lake that mixes twice a year: in autumn (end of October to beginning of December) after the summer stratification and early spring (March) after the inverse stratification during ice coverage.
21
Field measurements of the dissolved methane concentration and abiotic parameters were conducted between July 2012 and June 2013 at the maximum depth near the center of the lake [see Figure S1 in the Supporting Information (SI)]. During the stratified period, sampling was conducted at least once a month but mostly once every 2 weeks. Shortly before, during, and after the autumn overturn, samples were collected every 2−3 days to resolve short term temporal changes of the dissolved methane concentration. On each of the sampling dates, water samples were taken at water depths from 1 to 13 m with a vertical resolution of 1 m using a 2 L sampler (Limnos) and then transferred into 122 mL serum bottles. The sampling procedure has been described in detail by Hofmann et al. 22 Vertical profiles of depth, temperature, and oxygen were collected with a multiparameter probe (CTD probe, RBR Ltd., Ottawa, Canada; fast oxygen optode 4330F, AANDERAA, Bergen, Norway) at a sampling frequency of 6 Hz. Each profile (downcast) took at least 20 min and corresponded to a vertical resolution of <0.01 m. During the stratified period in summer (10 August 2012) and during the autumn overturn period (7 December 2012), additional water samples were collected at a water depth of 1 m along the main axis of the basin (∼150−450 m horizontal resolution; Figure S1 in the SI).
The dissolved methane concentration of the water samples was analyzed using a headspace method by following the procedure described in detail by Hofmann et al. 22 The methane concentration in the headspace was measured by gas chromatography with flame ionization detection (GC FID) (GC 6000, Carlo Erba Instruments). Gas standards of 10, 50, and 100 ppm (Air Liquide) were used to calibrate the GC data. The calibration was repeated for every five water samples and used for the subsequent samples. On average, the concentration measurements of replicate samples varied by <5%.
The total mass of dissolved methane stored in the water column was calculated by integration of the volume weighted concentrations available at 1 m depth intervals (hypsographic curves of Mindelsee; Figure S2 in the SI).
The diffusive flux of methane to the atmosphere was calculated using the boundary layer model as described by Liss and Slater:
where F CH 4 is the air−water flux of methane, k CH 4 is the transfer velocity of methane, M CH 4 is the molar mass of methane, C w is the measured near surface water molar concentration of methane, and C eq is the molar concentration of methane in the surface water that is in equilibrium with the atmospheric concentration at surface water temperatures. The transfer velocity of methane, k CH 4 , was estimated from k 600 , the transfer velocity of CO 2 under standard conditions (a Schmidt number of 600), using the equation of Liss and Merlivat:
in which Sc is the Schmidt number of methane at water surface temperatures 25 and n is −2/3 for U 10 ≤ 3.7 m s −1 and −1/2 for U 10 > 3.7 m s −1 , where U 10 is the wind speed at an elevation of 10 m. The gas transfer velocity k 600 (in cm h 
as well as the equations of Crusius and Wanninkhof, 27 Guerin et al., 28 and MacIntyre et al. 29 (eqs S4−S6 in the SI). C eq for methane was calculated according to Wiesenburg and Guinasso, 30 wherein the atmospheric concentration of methane was set to 1.8 ppm. Wind data (U 10 in m s −1 ) were supplied by a nearby (15 km east of Mindelsee) meteostation (Konstanz) of the German Weather Service (DWD). During the study, no meteostation was installed on Mindelsee, but earlier measure ments showed that wind speeds measured at the DWD Konstanz station are in close agreement with the wind speeds measured on Mindelsee [in 2011, the wind speeds (mean ± SD) measured on Mindelsee and at station Konstanz were 2.08 ± 1.34 and 2.09 ± 1.27 m s −1 , respectively]. The near surface concentration of dissolved methane, water temperature, and wind speed were assumed to be homogeneous over the entire lake surface. The time series of the dissolved methane concentration and surface water temperature were linearly interpolated to the time series of the wind speed (temporal resolution of 1 h). These estimates of the diffusive methane flux were employed as losses in the mass balance of methane. Ebullition and plant mediated fluxes were not measured and are not included in the above estimates of methane losses; therefore, they can be considered as lower limits of the total overall methane emissions.
In addition to the water sampling for methane analysis in the lab, a methane probe (HydroC/CH 4 probe, Contros Systems & Solutions, Kiel, Germany) was deployed at a depth of 2 m between 22 October and 16 December 2012, covering the entire overturn period. The probe measured the concentration of dissolved methane in situ at a sampling interval of 1 Hz and provided a continuous and high resolution time series of dissolved methane concentrations between the regular sampling dates. Gaps in the time series of the probe were caused by battery replacements and related losses in the power supply (the probe has a high power consumption of ∼15−20 W). The probe was calibrated by means of a linear fit between the log transformed dissolved methane concentrations meas ured in the water samples collected at a depth of 2 m and probe data measured at the same time at a depth of 2 m ( Figure S3 in the SI). The diffusive flux of methane was estimated using the data from the methane probe, and this value was compared to the diffusive methane flux calculated from the dissolved methane concentrations measured in the water samples taken at a water depth of 2 m.
In addition to the mass balance of methane, the mass balance of oxygen was calculated by integrating the volume weighted oxygen concentrations and considering gas exchange of oxygen between the lake and the atmosphere. The gas exchange at the lake surface was calculated using the same boundary layer model as for methane 23 by replacing the Schmidt number of methane with that of oxygen. 25 The oxygen mass balance was applied to three time periods to provide the oxygen demand of the lake between 8 February and 24 April 2013, when the lake was mixed and oxic; between 25 April and 24 May 2013, when the lake was stratified and oxic; and for the overturn period between 28 November 2012 and 9 January 2013. On the basis of the oxygen concentrations between April and May 2013, when the entire water column was oxic, the areal and volumetric oxygen demands (O A and O V , respectively) were crudely estimated. Details about this calculation are given in the SI.
■ RESULTS
From summer to autumn 2012, the lake was stably stratified ( Figure 1a and Figure S5a in the SI). The water column was saturated with oxygen down to ∼6 m, whereas the oxygen concentration gradually decreased to <1 mg L −1 below 10 m. Therefore, during the stable stratification, the hypolimnion was characterized by hypoxic and anoxic conditions (Figure 1b) . a The temporal change of dissolved methane stored in the entire water column and the diffusive methane flux to the atmosphere are shown for different time periods in 2012−13: stratification period from 18 July to 25 October 2012; first mixing event from 25 October to 28 November 2012; overturn period from 28 November 2012 to 9 January 2013; winter mixing period from 9 January to 24 May 2013; and the beginning of stratification from 24 May to 24 June 2013. Also included are the total masses of methane in the water column at the beginning and end of each period and the corresponding differences and the total amounts of methane emitted by diffusion to the atmosphere during the different time periods. The mass balance of methane is based on the diffusive flux estimates, which are derived from the equation for the gas transfer velocity given by Cole and Caraco. 26 The epilimnetic dissolved methane concentrations were low and ranged between 0.5 and 1 μM, whereas the dissolved methane concentrations in the anoxic deep water zone were extremely high and reached ∼1400 μM (Figure 1c and Figure  S5a ,b in the SI). The total mass of dissolved methane stored in the entire water column increased continuously during the stratification period because of the methane accumulation of ∼4.3 to ∼18.5 tons in the anoxic hypolimnion from 18 July to 25 November, respectively, which was just prior to the autumn overturn (Table 1 and Figure S5a ,b in the SI). During this time, the mean diffusive flux of methane from the lake was 10.1 mg m −2 day −1 . In total, the lake emitted ∼1030 kg of methane to the atmosphere (Table 1 and Figure 1c) .
Between the end of September and the end of October 2012, the epilimnion cooled down, which led to a decrease in the density difference between the epilimnion and hypolimnion (Figure 1a ). Increased mixing in the surface layer resulted in a deepening of the thermocline and oxycline down to ∼10 m (Figure 1a,b) . Between 25 October and 28 November, the stratification was already weak. At the beginning of this period, several days with high wind speeds (U 10 = 5−8 m s −1 and annual mean U 10 = 2.2 m s −1 ) caused an initial short duration major mixing of the water column down to a depth of ∼11 m (Figures 1 and 2a and Figure S5b in the SI). Over the 35 days, the dissolved methane concentration in the upper mixed water column increased from ∼2.1 to ∼8.2 μM, which also increased the diffusive flux to the atmosphere from ∼10 to ∼24 mg m −2 day −1 . During this time period, the lake emitted ∼814 kg of methane, which was only slightly less than the emission during the previous 98 days (Table 1) . Thereafter, the water column was stratified again until the end of November, and the dissolved methane concentration in the epilimnion decreased to ∼0.5 μM (Figures 1c and 2b) .
On 28 November 2012, the stratification was already rather weak, and a slight wind (U 10 < 3 m s −1 ) was sufficient to mix the methane rich water from the upper part of the hypolimnion into the upper mixed layer, wherein the dissolved methane concentration increased to ∼10 μM. On 3 December, a strong wind event (U 10 > 9 m s ) mixed all of the dissolved methane stored in the hypolimnion (∼10% of the total lake volume) into the water column (Figure 1c and Figures S2 and S5c in the SI) and also mixed the dissolved oxygen downward, which resulted in oxic conditions throughout the entire water column ( Figure  1b and Figure S5c in the SI). The near surface dissolved methane concentration reached maximum values of >80 μM for several days and values of >20 μM for about 2 weeks (Figures  1c and 2b) . These high dissolved methane concentrations at the lake surface led to high diffusive fluxes of up to 1500 mg m −2 day −1 (Figure 2c ), especially during periods of high wind speed (Figure 2a ). On average, the diffusive flux for the entire overturn period (28 November 2012 to 9 January 2013) was ∼200 mg m −2 day −1 . In total, ∼8.7 tons of methane was emitted to the atmosphere during the overturn period (Table  1) .
On 9 January 2013, which was after the overturn period, the temperature, oxygen, and methane profiles were vertically homogeneous, suggesting that the lake was well mixed ( Figure  S5d in the SI). In winter, the lake was only intermittently ice covered. A hypoxic deep water layer did not develop, and the dissolved methane concentrations in the entire water column were ∼0.1−0.2 μM (Figure 1c ) and remained at these low values until 24 May 2013. During this period, the diffusive flux of methane was on average ∼1.3 mg m −2 day
, and the emitted methane mass amounted to only ∼140 kg (Table 1) . At the end of May, the water column became restratified. One month later, on 24 June, the deep layer of the water column . Between 24 May and 24 June, ∼150 kg of methane was emitted to the atmosphere ( Table 1) .
The diffusive fluxes of methane to the atmosphere were not only calculated according to the gas transfer velocity equation of Cole and Caraco 26 (Table 1) but also using the equations of Crusius and Wanninkhof, 27 Guerin et al., 28 and MacIntyre et al. 29 (Tables S1−S3 in the SI). The diffusive emissions obtained from the equations of Guerin et al. 28 and Crusius and Wanninkhof 27 were consistent with the diffusive emissions obtained using the equation of Cole and Caraco. 26 The overall diffusive methane emissions based on the equations of Crusius and Wanninkhof 27 and Guerin et al. 28 were ∼5% and ∼8% larger, respectively. The emissions obtained using the equation of MacIntyre et al. 29 were substantially larger than those obtained using all of the other relationships.
The methane probe was well suited to measure the methane concentration reliably over long time periods at a high temporal resolution (Figure 2b ). The probe data indicated variations in the methane concentration over short time intervals that would not have been detected solely by water sampling (Figure 2b ). Although the probe data provide additional details on the temporal course of the near surface dissolved methane concentration (Figure 2b) , the diffusive methane fluxes estimated from the probe data and water samples are similar (R 2 = 0.97 and p < 0.001; Figure 2c ), indicating that the temporal resolution of ∼3 days of sampling during the overturn period is sufficient to resolve the diffusive methane emissions from lakes.
The oxygen mass balance indicated that the oxygen demand of the lake was ∼0.8 ton day −1 between February and April 2013 and between April and May 2013, when the lake was oxic. During the overturn period, the oxygen demand was ∼3.2 ton day −1 and thus was substantially larger than in the two other time periods. During the overturn, the influx of oxygen was ∼3.2 ton day −1 and thus was the major source of oxygen. During the stratified period in spring when the water column was oxic, the volumetric oxygen uptake (O V ) was ∼0.08 g m . During the overturn period, ∼10 tons of stored methane was not emitted to the atmosphere but was lost from the water column (Table 1) . Explaining this loss of methane by oxidation implies that ∼40 tons of oxygen was removed during the overturn period as a result of methane oxidation.
■ DISCUSSION
The measurements sufficiently resolved the vertical distribution and annual course of methane, especially before, during, and after the autumn overturn. The detailed investigation of the methane budget from mass balance calculations supports the conclusions that methane emissions from lakes via the diffusive flux pathway vary substantially over a year and a major fraction of the annual methane emissions can be released during a rather short time period of approximately 1 month, such as in the case of Mindelsee during the autumn overturn. It should be noted that ebullition and plant mediated fluxes were not measured or included in our estimates of the methane emissions from Mindelsee.
The stratification period between 18 July and 25 October 2012 was characterized by a significant increase of ∼140 kg day −1 in the amount of methane dissolved in the water column (Table 1) , which was predominantly a result of an increase of methane in the anoxic deep water (Figure 1c) . The accumulation of large amounts of dissolved methane during the stratified period has been observed in several lakes with an anoxic hypolimnion.
3, 16 Despite the large amounts of methane stored in the water column, the methane concentrations at the lake surface remained rather low, which suggests that the methane that is transported vertically from the deep methane rich anoxic layer is oxidized efficiently in the transition zone between the anoxic and oxic waters 12,13 at water depths of ∼8− 10 m. Because of the very low surface concentrations of methane, the diffusive flux to the atmosphere was only ∼10 mg m −2 day −1 during the stratified period (Table 1 ). In late autumn (between 25 October and 28 November 2012), high wind speeds (up to ∼5−9 m s −1 ) were responsible for an initial substantial increase in the diffusive flux of methane from the lake for two reasons: the wind forcing caused a mixing event in which the dissolved methane was rapidly transported from the hypolimnion to the epilimnion and increased the dissolved methane concentration in the upper part of the water column (Figure 1c) , which increased the gradient between the dissolved and atmospheric equilibrium methane concentra tions; and high winds reduced the thickness of the diffusive boundary layer at the air−water interface, which indicates that such winds are associated with high gas transfer velocities. Both of the wind forcing effects increased the diffusive flux of methane to the atmosphere to a value of ∼24 mg m −2 day −1 (Table 1) . Despite the comparatively high losses of methane to the atmosphere and the potential for additional losses as a result of the oxidation of methane in the oxic water of the metalimnion and epilimnion, the methane stored in the water column still increased slightly by ∼5 kg day −1 during this time period (Table 1 and Figure 2d ), which indicates that increased losses of methane to the atmosphere are not necessarily reflected in a decrease in methane stored in the water column. However, the accumulation rate during the mixing event was ∼28 times less than during the previous time period (Table 1) . This may be partially explained by oxidation of the methane transported from the deep anoxic waters to the oxic water layers; however, it may also be explained by a reduced flux of methane from the sediments into the water column as a result of the reduced (by ∼35%; Figures S1 and S2 in the SI) area of anoxic sediment surfaces in contact with the water column where the methane produced within the sediments can pass into the water column without being oxidized.
Between 28 November 2012 and 9 January 2013, the autumn overturn redistributed the dissolved methane and oxygen within the entire water column (Figure 1b,c) . The occurrence of rapid mixing is supported by the nearly homogeneous vertical profiles of methane, dissolved oxygen, and temperature ( Figure S5c in the SI) . Vertical transport during the autumn overturn was sufficiently fast and caused high dissolved methane concentrations in the upper water layer and diffusive methane fluxes to the atmosphere of ∼200 mg m −2 day −1
(average during the main overturn period; Table 1 ). Compared with the methane emitted during the rest of the year (∼10 mg m −2 day −1 during summer, ∼1 mg m −2 day −1 during the winter mixing period, and ∼5 mg m −2 day −1 during the beginning of stratification; Table 1 ), the high diffusive methane fluxes during the overturn period demonstrate the importance of this time period in the annual methane emissions to the atmosphere.
After the autumn overturn, only ∼1% of the methane stored in the water column at the end of the stratified period remained in the water column (Table 1 and Figure 2d) . Therefore, ∼99% of the stored methane was emitted to the atmosphere or oxidized in the water column during the autumn overturn period, and ∼46% of this methane was emitted to the atmosphere by diffusion (Table 1) .
In the mass balance calculations, we assumed that the diffusive methane flux based on the conditions in the middle of the lake is representative of the average methane flux from the lake. This assumption is supported by the comparatively small horizontal variation of methane concentrations measured along the main axis of the lake ( Figure S6 in the SI), especially during the overturn period, in which the major fraction of the annual methane emission from the lake is contributed. The methane concentration in the middle of the lake (permanent sampling station) differed from the mean concentration along the transect by only 5% during the overturn period (on 7 December 2012) and ∼18% in summer (on 10 August 2012). During the overturn period, the data do not show a directed gradient between the nearshore and offshore zones or a significant correlation between the methane concentration and water depth. In summer, an offshore directed gradient in the near surface dissolved methane concentration was observed, which was suggested by earlier studies.
22,31 However, the relative importance of the higher spatial heterogeneity of the dissolved methane concentration in summer compared with the overturn period of annual emissions was small because only a minor fraction of the methane is emitted during the stable stratification in summer.
According to the flux chamber measurements (diffusive fluxes only) of Schilder et al., 32 the gas transfer velocity calculated from the empirical relationship of Cole and Caraco 26 is fairly consistent with or a slight underestimate of the average whole lake gas transfer velocity in lakes with a surface area of ∼1 km 2 (see Figure 3e in ref 32) . Hence, the diffusive fluxes of methane determined here from the empirical relationship of Cole and Caraco 26 for Mindelsee, which has a surface area of 1.02 km 2 , can be considered as representative or a slight underestimate of the average lake wide diffusive emissions from the lake.
Independent of the choice of the model for the gas transfer velocity, about half or more of the stored methane is released to the atmosphere; according to the equations of Crusius and Wanninkhof, 27 Cole and Caraco, 26 Guerin et al., 28 and MacIntyre et al., 29 the amounts are ∼49%, ∼46%, ∼50%, and ∼87%, respectively (Table 1 and Tables S1−S3 in the SI) . Except for the model of MacIntyre et al., 29 which suggests very high methane emissions, these relationships provide similar results, indicating that 46−50% of the stored methane is released to the atmosphere. Our study is based on the values derived from the relationship of Cole and Caraco, 26 which represent the lowest methane emissions. The amount of methane released from Mindelsee during the autumn overturn is not sensitive to deviations in the wind speed (U 10 ). With the assumption that the true wind speed on the lake differed by ±10% from that at the measuring station, the proportion of stored methane released to the atmosphere changed by only ±4%. The above sensitivity studies support the conclusion that during the autumn overturn, about half of the methane stored in the water column is released to the atmosphere and the other half may be oxidized within the water column. This conclusion is in contrast to those of several other studies, 15, 18, 19 which claimed that most of the stored methane is oxidized (74−88%). For example, Schubert et al. 15 concluded that in temperate Rotsee, 75% of the stored methane was oxidized and only 25% was emitted to the atmosphere during the overturn period. It should be noted that all of the overturn events studied by Schubert et al. 15 were events with incomplete mixing, such as in an anoxic deep water layer with high methane concentrations. In the case of Mindelsee, we documented an event with partial mixing and a main overturn event in which the entire water column, including the sediment−water interface in the deep water, became oxic. The different conditions at the sediment− water interface have strong implications for the methane flux from the sediments to the water column. When the deep water was anoxic, the amount of stored methane significantly increased (between 18 July and 25 October 2012; Table 1 ). In contrast, when the sediment surface was oxic, the amount of stored methane was small and nearly constant (between 9 January and 24 May 2013; Table 1 ). The overturn event in Mindelsee might have been so effective that it resulted in the emission of ∼46% of the stored methane as a result of intense mixing that created large methane gradients at the air−water interface. These in turn led to high diffusive fluxes to the atmosphere. In addition, the intense vertical mixing associated with the overturn creates oxic conditions at the sediment− water interface, which result in a low flux of methane from the sediments into the water column because of the enhancement of methanotrophy.
Because Rotsee and Mindelsee have similar morphometries and trophic states and both are located in temperate zones, similar oxidation rates of stored methane during overturns in these lakes might be expected. In Mindelsee, ∼135 tons of oxygen was consumed during the overturn period ( Figure S4 in the SI). The oxidation of the 10 tons of stored methane that was not emitted but was lost from the water column required ∼40 tons of oxygen. Oxygen uptake by sediments and in the volume removed 35 tons of oxygen if one assumes that O A = 0.13 g m −2 day −1 and O V = 0.08 g m −3 day −1 . However, ∼60 tons of oxygen uptake remains unexplained by this calculation. According to Frevert, 33 the areal demand of anoxic sediments during reoxidation can be about 4 times the uptake by oxic sediments, which would explain the uptake of an additional 17 tons of oxygen. The remaining ∼43 tons of oxygen loss may be explained by the oxidation of reduced substances (e.g., NH 4 + , Mn 2+ , and Fe 2+ ) 21 that were mixed from the anoxic water body into the entire water column during the overturn period. Nevertheless, the uncertainties in the sediment and volume uptakes remain high. Hence, the oxygen balance cannot be utilized to reliably estimate the methane oxidation rates in the water column.
In general, there is a controversial discussion about how much of the stored methane is emitted to the atmosphere and how much is oxidized during overturns in lakes. Estimates of global methane emissions assume that all of the methane stored in the water column is eventually emitted to the atmosphere, 3 whereas other studies have suggested that a major fraction of the stored methane is oxidized during overturns. 15, 18, 19 Our results provide evidence that not all of the stored methane is released to the atmosphere during the overturn period. However, the fraction of stored methane emitted to the atmosphere during overturn may be substantially larger and the fraction of stored methane oxidized may be smaller than in the previous studies suggesting high oxidation losses of methane. The latter suggests that the oxidation of methane and the fraction of the stored methane in the water column emitted during overturn may differ between lakes.
Studies of boreal lakes have suggested that the methane emissions during spring overturns after ice breakup are usually larger than the methane emissions during autumn overturns; 7, 17 however, in several cases the methane emissions during the autumn overturn were larger than the emissions during the spring overturn. 7 In temperate Mindelsee, which was only intermittently and partially ice covered in the winter of 2012/ 2013, only ∼140 kg of dissolved methane was emitted between 9 January and 24 May 2013 ( Table 1 ). The amount of methane emitted during this time, which included ice breakup, corresponds to only ∼1% of the annual emissions, whereas the autumn overturn contributed ∼80% of the annual emissions. The latter can be explained by rapid mixing of the water column during overturn transporting upward large quantities of methane that were stored in the anoxic hypolimnion during the stratified period. These large quantities of methane in the anoxic hypolimnion result from high fluxes of methane from the sediments into the water column under anoxic conditions. Under oxic conditions, the methane fluxes from the sediments into the water column are comparatively small, as observed during the winter months in Mindelsee and also in the boreal Lake Paajarvi in southern Finland. 17 The anoxic conditions in the deep water appear to be a key factor in determining the amount of methane stored in the water column that can be released during autumn overturns after a period of stratification or during spring overturns after ice breakup.
Longer periods of stratification are more likely to produce anoxic conditions in the deep water of lakes and larger quantities of dissolved methane stored in the anoxic hypolimnia, which are eventually emitted to the atmosphere during overturn periods. Climate warming is predicted to reduce the duration of ice cover and increase the duration of summer stratification. 34 The latter is expected to result in the more frequent occurrence of hypoxia and an increase in the extent of existing hypoxic zones in the deep water of temperate lakes. 35 As a result, the influx of methane from the sediments and the amount of methane stored in the water column of temperate lakes should increase with climate warming and result in larger emissions of methane to the atmosphere during the autumn overturn. In boreal lakes, the reduced duration of ice cover expected with climate warming may lead not only to an extension of hypoxic periods during summer stratification but also to shorter time periods with hypoxia under ice cover. Therefore, in a warmer climate, methane storage in hypoxic waters may increase during the summer but decrease during the winter, which would result in larger methane emissions during the autumn overturn and smaller methane emissions after ice breakup during the spring overturn.
Methane is the second most important greenhouse gas after carbon dioxide, 36 and lakes are considered to be one of the largest natural sources to the global methane budget.
3, 4 The contribution of small lakes, in which the methane flux from storage accounts for most of the annual diffusive flux to the atmosphere, 3 is particularly large. In temperate lakes, climate warming and methane efflux from storage during the autumn overturn may therefore be part of a positive feedback mechanism that enhances climate warming. Because the methane fluxes from the sediments into the water column depend on the conditions at the sediment−water interface, the effects of climate warming are expected to be much greater in lakes that develop an annual anoxic deep water zone than in lakes with an oxic water column throughout the year. Our results suggest that the assessment of the role of methane emissions from lakes in the global methane budget and of the potential impact of climate warming on methane emissions from lakes would benefit from distinguishing between lakes with oxic and anoxic conditions in the deep water.
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